Snakes exhibit genotypic sex determination with female heterogamety (ZZ males and ZW females), and the state of sex chromosome differentiation also varies among lineages. To investigate the evolutionary history of homologous genes located in the nonrecombining region of differentiated sex chromosomes in snakes, partial sequences of the gametologous CTNNB1 gene were analyzed for 12 species belonging to henophid (Cylindrophiidae, Xenopeltidae, and Pythonidae) and caenophid snakes (Viperidae, Elapidae, and Colubridae). Nonsynonymous/synonymous substitution ratios (K a /K s ) in coding sequences were low (K a /K s < 1) between CTNNB1Z and CTNNB1W, suggesting that these 2 genes may have similar functional properties. However, frequencies of intron sequence substitutions and insertion-deletions were higher in CTNNB1Z than CTNNB1W, suggesting that Z-linked sequences evolved faster than W-linked sequences. Molecular phylogeny based on both intron and exon sequences showed the presence of 2 major clades: 1) Z-linked sequences of Caenophidia and 2) W-linked sequences of Caenophidia clustered with Z-linked sequences of Henophidia, which suggests that the sequence divergence between CTNNB1Z and CTNNB1W in Caenophidia may have occurred by the cessation of recombination after the split from Henophidia.
Squamate reptiles display considerable diversity in their sex determination systems and sex chromosomes. While some lizards have temperature-dependent sex determination (TSD), almost all snakes (Serpentes) exhibit genotypic sex determination (GSD) with ZZ/ ZW-type sex chromosomes, and many lizards exhibit GSD with both male and female heterogamety (XY, X 1 X 2 Y, ZW, and Z 1 Z 2 W) (Head et al. 1987; Ciofi and Swingland 1997; Olmo and Signorino 2005; Ezaz et al. 2010) . Comparative cytogenetic mapping of the Z-linked genes between the Hokou gecko (Gekko hokouensis, Gekkota) and the chicken revealed that the gecko Z chromosome is homologous to the chicken Z chromosome (Kawai et al. 2009; Srikulnath et al. 2015) , whereas the micro-X chromosome of the Anolis lizard (Anolis carolinensis, Iguania), the micro-Z chromosome of the dragon lizard (Pogona vitticeps, Iguania) , and the Z chromosome of the sand lizard (Lacerta agilis, Lacertidae, Lacertoidea) have homology with chicken chromosomes 15, 23, and 6 and 9, respectively (Alföldi et al. 2011; Ezaz et al. 2013; Srikulnath et al. 2014 ). This suggests the independent origin of sex chromosomes with different sex-determining genes in each lineage of these squamate reptiles.
Snakes are a species-rich lineage in extant reptiles. They diverged from their putative sister groups, Iguania and Anguimorpha (Vidal et al. 2009; Srikulnath et al. 2010; Mulcahy et al. 2012; Wiens et al. 2012) , and speciation probably occurred in a short period of time (Kumazawa 2007; Pyron et al. 2013 ). More than 3400 ecologically diversified snake species have been described. Snakes are distributed worldwide, but absent in Antarctica (Uetz and Hošek 2016) . Two distinct groups of snakes are classified as: 1) Scolecophidia including "blind" snakes, and 2) Alethinophidia comprising Henophidia (pythons, boas, and other "primitive" snakes) and Caenophidia (advanced snakes) (Aldridge and Sever 2011) . The conserved diploid chromosome number of snakes is 36, consisting of 16 macrochromosomes and 20 microchromosomes with some exceptions (2n = 24-50) (Beçak et al. 1964; Beçak and Beçak 1969; Singh 1972; Olmo and Signorino 2005; Oguiura et al. 2009 ). Most snake species have the fourth or fifth largest metacentric Z chromosomes, which have homology with chicken chromosomes 2 and 27 (Matsubara et al. 2006 Vicoso et al. 2013) . However, homologies with the snake sex chromosome are found for a large variety of chromosomes in squamate reptiles (Matsuda et al. 2005; Matsubara et al. 2006 Matsubara et al. , 2012 Srikulnath et al. 2009 Srikulnath et al. , 2013 Srikulnath et al. , 2014 Srikulnath et al. , 2015 Uno et al. 2012; Young et al. 2013) . Boidae and Pythonidae have morphologically homomorphic Z and W chromosomes (Olmo and Signorino 2005) . By contrast, the W chromosomes are highly degenerated in Caenophidia (Beçak et al. 1964; Beçak and Beçak 1969; RayChaudhuri et al. 1971; Singh 1972; Matsubara et al. 2006 Matsubara et al. , 2015 Matsubara et al. , 2016 Oguiura et al. 2009; O'Meally et al. 2010; Vicoso et al. 2013) , which diverged from Henophidia around 100 million years ago (MYA) (Vidal et al. 2009 ). In elapid and viper snakes, W chromosomes show interspecific variation in the size, centromere position, and amount of heterochromatin (Olmo and Signorino 2005; Matsubara et al. 2015 Matsubara et al. , 2016 . In colubrid and elapid snakes, the strong accumulation of microsatellite DNA sequences are found in the W chromosome (Epplen et al. 1982; Matsubara et al. 2016) .
Comparison of the structures and functions of Z and W homologous genes is therefore important for understanding the process of sex chromosome differentiation in snakes.
The draft genome assemblies of the Anolis lizard (A. carolinensis), the Burmese python (Python molurus bivittatus), and the king cobra (Ophiophagus hannah) provide new perspectives on comparative genomics of Reptilia and Amniota, which facilitate extensive comparisons of genomic structures between species (Alföldi et al. 2011; Castoe et al. 2013; Vonk et al. 2013 ). The first large-scale identification of Z-and W-linked homologues was conducted for the boa (Boa constrictor, Boidae) with extensively homomorphic sex chromosomes, and the garter snake (Thamnophis elegans, Colubridae) and the pygmy rattlesnake (Sistrurus miliarius, Viperidae) with heteromorphic sex chromosomes, which estimated the evolutionary strata of the sex chromosome differentiation (Vicoso et al. 2013 ). In addition, nucleotide substitution rates of Z-linked genes were found to be higher than those of autosomal genes, indicating the occurrence of male-biased mutations in snakes. Comparison of Z-and W-linked homologues in many snake lineages are still required for a wide variety of snake species to obtain more conclusive evidence on the status of sex chromosome differentiation.
The homologous gene located in the nonrecombining region of differentiated sex chromosomes is known as a "gametologous gene," such as ZFX and ZFY genes in mammals. Likewise, CHDZ and CHDW, and ATP5A1Z and ATP5A1W are gametologous genes in birds (Ellegren and Fridolfsson 1997; Carmichael et al. 2000; García-Moreno and Mindell 2000; Lawson et al. 2002) . Sequence analysis of gametologous genes can provide important information on the evolutionary process of sex chromosome differentiation. The catenin (cadherin-associated protein), beta 1 (CTNNB1) gene, which is involved with cell adhesion and signaling in the WNT pathway, is located on both the Z and W chromosomes in P. bivittatus (Henophidia), Elaphe quadrivirgata and S. miliarius (Caenophidia) (Matsubara et al. 2006; Vicoso et al. 2013 ). There is no evidence for genetic recombination in CTNNB1 between the Z and W sex chromosomes, and no autosomal copies of the gene have been detected (Matsubara et al. 2006 Vicoso et al. 2013 ). The CTNNB1 is therefore a suitable genetic marker to investigate the evolutionary dynamics of gametologous genes in snakes. In this study, we molecularly cloned partial DNA fragments of CTNNB1, containing exon 11 and introns 10 and 11. These sequences of expressed sequence tag (EST) clones were available in E. quadrivirgata, and the intron sizes were different between males and females from 12 snake species (Supplementary Table 1 ), which determined their nucleotide sequences. Then, we estimated substitution rates between the CTNNB1Z and CTNNB1W genes, and constructed a molecular phylogenetic tree with the sequences to discuss the evolutionary processes of these gametologous genes in snakes.
Materials and Methods

Specimen and DNA Extraction
Male and female individuals of 12 snake species from Snake Farm, Queen Saovabha Memorial Institute, Thailand, were used in this study (Supplementary Table 1 ). The gender of each species was identified morphologically, and confirmed by mating observations and sexing probes that searched for the male hemipenes. Blood samples were collected from the ventral tail vein using a 25-gauge needle attached to a 1 mL disposable syringe containing 10 mM ethylenediaminetetraacetic acid (EDTA). Animal care and all experimental procedures were approved by the Animal Experiment Committee, Kasetsart University, Thailand (approval no. ACKU00359) and conducted according to the Regulations on Animal Experiments at Kasetsart University. Whole genomic DNA was extracted following the standard salting-out protocol as described previously (Supikamolseni et al. 2015) , and used as templates for polymerase chain reaction (PCR). DNA quality and concentration were determined using 1% agarose gel electrophoresis and spectrophotometric analysis.
Molecular Cloning of the Partial CTNNB1 Gene
Partial DNA fragments of exons 10-12 of the CTNNB1 gene were amplified using target-specific primers, CTNNB1-F: 5′-AGAG ACGTCCACAATCGGATTG-3′ and CTNNB1-R: 5′-CAGACG TTTCTTATAATCTTGTGG-3′, which were designed based on the nucleotide sequence of an EST clone Eq_aB_009012_N17 (BW999995) of the Japanese four-striped rat snake (E. quadrivirgata), previously identified as homologues of CTNNB1 (Matsubara et al. 2006 and the EST sequences of human, chicken, and Anolis lizard homologues (XM_006712985, XM_015281299, and XM_003223954, respectively). PCR amplification was performed using 20 μL of 1× ExTaq buffer containing 1.5 mM MgCl 2 , 0.2 mM dNTPs, 5.0 μM the primers, and 0.25 U of TaKaRa Ex Taq (TaKaRa Bio, Otsu, Japan), and 25 ng of genomic DNA. PCR conditions were as follows: an initial denaturation at 94 °C for 3 min, followed by 35 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 45 s, and a final extension at 72 °C for 7 min. The PCR products were cloned using the pTG19-T vector (Vivantis Technologies Sdn Bhd, Selangor Darul Ehsan, Malaysia), and the nucleotide sequences of the DNA fragments were determined using DNA sequencing services of First Base Laboratories Sdn Bhd (Seri Kembangan, Selangor, Malaysia). The female-specific PCR products were expected to derive from CTNNB1W, whose sizes were different from the DNA fragments commonly found for both males and females (CTNNB1Z) (Figure 1 ). Nucleotide sequences of 3-7 DNA clones were determined for each male and female of each species, and the consensus sequence of each Z and W form was searched for homologies with the nucleotide sequences in the National Center for Biotechnology Information (NCBI) database to identify DNA fragments of the target gene, using the BLASTx and BLASTn programs. They were then deposited in the DNA Data Bank of Japan (DDBJ) (Supplementary Table 1 ).
Sequence Analysis
The nucleotide sequences of exon 11 were translated into amino acid sequences using ExPASy online tools (http://web.expasy.org/translate/), and the amino acid sequences were then aligned with putative amino acid sequences of CTNNB1 from many vertebrate species to determine the amino acid sequence of the target gene using Molecular Evolutionary Genetics Analysis 6 (MEGA6) software (Tamura et al. 2013) . Partial nucleotide CTNNB1Z and CTNNB1W sequences of 12 snake species were aligned. Numbers of indels (insertions and deletions) in the introns and exon were calculated separately using a multiallelic mode of DNAsp 5.0 (Librado and Rozas 2009). All unalignable sites and gap-containing sites were then carefully removed from the data sets. For exon, synonymous (K s ) and nonsynonymous (K a ) substitution rates between species and their standard errors were calculated according to the Nei-Gojobori method (Nei and Gojobori 1986) , with Jukes-Cantor correction (Jukes and Cantor 1969) . Sequence divergence of CTNNB1Z (K z ) and CTNNB1W (K w ) between species was estimated for each intron using the TamuraNei model (Tamura and Nei 1993) . The bootstrapping process was repeated 1000 times for each alignment, thereby giving 1000 sets of K z and K w estimations. Hypothesis testing to determine the significant difference between 2 averages was performed using parametric statistics. The K z and K w values were used for estimating the male-tofemale mutation rate ratio [α m = (3K z /K w -1)/2] (Miyata et al. 1987) .
Phylogenetic analyses of CTNNB1Z and CTNNB1W sequences were then performed with the data sets of each intron 10 (257 bp), exon 11 (151 bp), and intron 11 (70 bp), and their concatenated sequences (478 bp), using Bayesian inference (BI) with MrBayes v3.0b4 (Huelsenbeck and Ronquist 2001) . The Markov chain Monte Carlo process was used to run four chains simultaneously for 1 million generations. After the log-likelihood value plateaued, a sampling procedure was performed every 100 generations to obtain 10 000 trees, and then a majority-rule consensus tree with average branch lengths was provided. All sample points prior to reaching convergence were discarded as burn-in, and the Bayesian posterior probability in the sampled tree population was obtained in percentage terms. To test whether gene conversion was influential in the evolution of the 2 introns or 1 exon, we searched all nucleotide substitutions between Z and W sequences for each species using the algorithm developed by Betrán et al. (1997) . The parameter Psi (ψ) was determined as the probability of detecting a gene conversion between 2 gametologs, as implemented in DNAsp 5.0.
Results
Comparison of Nucleotide Sequences of CTNNB1Z and CTNNB1W in 12 Snake Species
By agarose gel electrophoresis, 1 same-sized DNA fragment was observed in both males and females and 1 additional DNA fragment was detected from females in each 7 species, Daboia siamensis (DSI), Naja kaouthia (NKA), Naja siamensis (NSI), O. hannah (OHA), Bungarus candidus (BCA), Oligodon fasciolatus (OFA), and Boiga dendrophila (BDE), but no female-specific DNA fragments were observed in Cylindrophis ruffus (CRU), Xenopeltis unicolor (XUN), P. bivittatus (PBI), Coelognathus flavolineatus (CFL), and Xenochrophis flavipunctatus (XFL) (Figure 2 ). This indicates that the DNA bands that were commonly found in males and females were derived from the Z chromosomes and the female-specific DNA bands from the W chromosomes. However, nucleotide sequences of the Z-and W-derived fragments revealed the presence of a wide variation in their fragment sizes between species. The sizes in intron 10 and intron 11 were highly variable between species (Table 1) , ranging from 363 bp in CRU to 1797 bp in CFL for intron 10 of CTNNB1Z; 331 bp in DSI to 364 bp in OFA for intron 10 of CTNNB1W; 75 bp in 5 species (DSI, NKA, NSI, OFA, and CFL) to 185 bp in BDE for intron11 of CTNNB1Z; and 78 bp in DSI to 86 bp in OFA for intron11 of CTNNB1W (Table 1 , Supplementary  Figures 1-3) . Furthermore, individual size variation within the same species was also found in Z-derived fragments, in 5 species, OHA (1024 bp in male and 1033 bp in female), BCA (945 bp in male and 936 bp in female), OFA (1417 bp in male and 1422 bp in female), BDE (1531 bp in male and 1506 bp in female), and CFL (1420 bp in male and 2023 bp in female) ( Table 1 , Supplementary Figures 1-3) .
In assessment of potential relevance of gene conversions, 2 bp region with the Psi (ψ) value of more than 0.3 was found in intron 10; however, the probability was not significant (P > 0.05). Neither tentative gene conversions were found in intron 11 nor exon 11. Indels were found in both the 2 introns of the Z-and W-linked sequences of 8 snake species which exhibited heteromorphic ZW bands ( Table 2 ). The occurrence of indels was 17 times higher in CTNNB1Z than in CTNNB1W.
Sequence Diversity
High similarity of amino acid sequences was found in exon 11 between CTNNB1Z and CTNNB1W genes in 8 caenophid snakes (DSI, NKA, NSI, OHA, BCA, OFA, BDE, and CFL); average sequence divergence was 3.50% ± 0.33, ranging from 2.00% to 4.00%). In addition, amino acid substitutions of CTNNB1 among 8 species were 2.14% ± 0.27 at average in CTNNB1W, ranging from 0.00% to 4.00% in CTNNB1W, but no sequence divergence was found for CTNNB1Z (Table 3, Supplementary Table 2 ). Pairwise comparison of exon nucleotide sequence divergence in the Z-and W-linked genes were performed between 8 snake species (Tables 4 and 5, Supplementary   Tables 3-5 ). There was no statistical difference between the average frequency of nonsynonymous substitutions (K a ) of W-linked sequences (0.010 ± 0.006) and those of Z-linked sequences (0) (t df = 7 = −1.67, P-value = 0.07), or the average frequency of synonymous substitutions (K s ) of Z-linked sequences (0.056 ± 0.025) and W-linked sequences (0.066 ± 0.026) (t df = 22 = −0.25, P-value = 0.40). However, the average K a /K s value of Z-linked sequences (0) was considerably lower than the W-linked sequences (0.191 ± 0.043) (t df = 7 = −4.44, P-value = 0.002) (Supplementary Table 5 ). Furthermore, the average divergence of the total sequences of introns 10 and 11 of CTNNB1Z (K z = 0.202 ± 0.011) was 3.2 times higher than CTNNB1W (K w = 0.063 ± 0.008) (t df = 22 = 8.34, P-value < 0.001) ( Table 6, Supplementary Table 6 ). The average male biased mutation rate for these 2 intron sequences (introns 10 and 11) was 4.33 in 8 snake species.
Phylogenetic Relationships
Phylogenetic analyses of CTNNB1Z and CTNNB1W sequences with the data sets of each intron 10, exon 11, and intron 11 from 12 snake species shared similar phylogenetic trees ( Supplementary  Figures 4-6) to that of concatenate sequence data set of 2 introns and 1 exon (Figure 3 ), which consisted of 2 major clades: 1) CTNNB1Z sequences of caenophid snakes, and 2) CTNNB1W of caenophid snakes and CTNNB1Z from henophid snakes.
Discussion
Heteromorphic sex chromosomes evolved from a homologous autosomal pair through the acquisition of sex determining gene on only one of the pair. Initially, the cessation of recombination between sex chromosomes leads to the accumulation of gene mutations, resulting in the occurrence of sexually antagonistic alleles or the functional inactivation of genes, followed by the partial deletion of the sex chromosomes (Charlesworth 1991; Graves 2006; Ezaz et al. 2016 ). The suppression of recombination also preceded the accumulation of repetitive DNA sequences (Charlesworth 1996) . Increase/reduction of chromosome size or reduction of gene content by deletions, and amplification of repetitive sequences are found in the W sex chromosomes in caenophid snakes (Matsubara et al. 2006 (Matsubara et al. , 2015 (Matsubara et al. , 2016 Vicoso et al. 2013) . In this study, female-specific PCR products derived from CTNNB1W, whose sizes were different from the CTNNB1Z-derived products that were common between males and females, were detected for 7 caenophid snake species with differentiated ZW sex chromosomes, except for CFL that exhibited a large "++" indicates 1 DNA band of the same size was amplified in both male and female, and 1 additional DNA band was obtained from female. "+" indicates 1 DNA band was amplified from male and 2 DNA bands were obtained from female. "−" indicates 1 DNA band of the same size was amplified in both male and female. a DNA band patterns were observed from agarose gel electrophoresis. b Nucleotide sequences of 3-7 DNA clones were obtained for each male and female of each species, and their consensus sequences were determined. The number and length of indels were calculated from all 8 snake species.
size difference in the Z fragments between male and female. This suggests that the Z and W forms of the CTNNB1 gene were differentiated by the cessation of recombination in caenophidian lineages, which led to indels of nucleotide sequences on the Z and W chromosomes. Individual variation, which resulted from indels in the introns of the Z form, was found in OHA, BCA, OFA, BDE, and CFL. Such individual variation in the Z form of gametologous gene within the same species was also reported for the CHD1Z gene of birds (Friesen et al. 1997; Casey et al. 2009; Trimbos et al. 2013) . In XFL (Colubridae), no female-specific PCR products were found, even though this species belong to Caenophidia. In caenophid snakes, CTNNB1 was found on both Z and W chromosomes in E. quadrivirgata (Colubridae) and S. miliarius (Viperidae), but not on the W chromosome of Trimeresurus flavoviridis (Viperidae) and T. elegans (Colubridae) (Matsubara et al. 2006; Vicoso et al. 2013) , which suggests that CTNNB1 may have been lost independently from the W chromosomes in Viperidae and Colubridae. The absence of female-specific PCR products in XFL was probably caused by the degeneration of the W chromosome, leading to the loss of CTNNB1W. Three henophid snake species (CRU, XUN, and PBI) also showed the absence of female-specific PCR products, although CTNNB1 was located on both Z and W chromosome in P. bivittatus (PBI) and B. constrictor of henophid snakes (Matsubara et al. 2006; Vicoso et al. 2013 ). This suggests that CTNNB1 on Z and W chromosomes have not been differentiated in henophid snakes. However, more intensive sampling over a wider range of individuals or species within the same family is required to confirm the disappearance of CTNNB1 on W chromosome. Amino acid residues in exon 11 of CTNNB1Z and CTNNB1W were highly conserved with more than 96% identity in each caenophid species. This suggests that the gametologous CTNNB1Z and CTNNB1W might have similar functional properties. However, one amino acid substitution of valine to isoleucine at position 30 was found in CTNNB1W in caenophid snakes, which suggests that Val30Iso substitution may have occurred in Caenophidia after divergence from Henophidia. Furthermore, Ser29Ala was found in DSI CTNNB1W and Gly13Ala in Elapidae (NKA, NSI, OHA, and BCA) (Supplementary Figure 7) . The Gly13Ala substitutions probably occurred in the common ancestor of elapid snakes.
The average K a /K s in the exon 11 of CTNNB1Z and CTNNB1W were both very low (<1), suggesting the presence of negative selection for these genes. It is likely that there was no functional diversification between the allelic variants of the Z-and W-linked genes. However, the average K a /K s value of CTNNB1Z (0) was lower than that of CTNNB1W (0.191). This agreed with the case of the avian CHD1 genes, in which average K a /K s value of W-linked sequences is higher than that of Z-linked sequences, or in the mammalian SMC gene, in which K a /K s value of Y-linked sequences is higher than that of X-linked sequences (Agulnik et al. 1997; Fridolfsson and Ellegren 2000) . In introns 10 and 11, the average of K z value was higher than that of K w . This suggests that nucleotide sequences of CTNNB1Z have more frequently substituted than CTNNB1W in snakes.
Two general approaches are used to estimate a male-biased mutation rate. The first performs multiple coding nucleotide sequence alignment of a large number of functional genes on autosomes and sex chromosomes from many species and measures substitution rate of the genes on autosome, comparing to those of sex chromosomes (Shimmin et al. 1993; Vicoso et al. 2013 ). The second approach examines nucleotide substitution rates of gametologous genes, such as CHD1Z-CHD1W or ZFX-ZFY from many species Lawson and Hewitt 2002) . In this study, a malebiased mutation rate (α m ) with 4.33 was found in nucleotide sequence substitution between the introns of the Z-and W-linked CTNNB1 gene of snakes. High mutation rates of α m have also been found in mammals (ZFX-ZFY) and birds (CHD1Z-CHD1W) (Ellegren and Fridolfsson 1997; Kahn and Quinn 1999; Lawson and Hewitt 2002) . This suggests that mutation rates in snake CTNNB1 were malebiased (male-driven evolution). Indels frequently occurred in introns of CTNNB1Z, about 17 times more than those of CTNNB1W. A similar case was also reported in CHD1 of birds, in which indels were higher in CHD1Z than CHD1W (Sundström et al. 2003) . This suggests that base substitutions and indels in introns have occurred in Z homologues more often than W homologues. Basically, the Z chromosome spends two-thirds of many generation times in males (spermatogenesis), and one-third in females (oogenesis), whereas the W chromosome spends the whole time in females. Base substitution and indels occur predominantly during DNA replication, with larger numbers related to spermatogenesis (Miyata et al. 1987) . This may increase the possibility that Z-linked sequences evolved faster than W-linked sequences.
Our phylogenetic analyses of partial nucleotide sequences of CTNNB1Z and CTNNB1W genes showed that the nucleotide sequences of Z-linked genes were highly conserved between caenophid species, and these sequences were clustered in the same clade. All W-linked sequences of caenophid species were clustered with Z-linked sequences of henophid species as a clade. These results lead us to predict that CTNNB1Z and CTNNB1W sequences diverged independently in each lineage of Caenophidia after divergence from Henophidia around 100 MYA during the early Creataceous era (Vidal et al. 2009 ). This agreed with male-biased substitution in the CTNNB1, in which intron sequences of CTNNB1Z have more predominantly substituted than CTNNB1W in snakes. In conclusion, a comparison of exon and intron sequences of CTNNB1Z and CTNNB1W among 12 snake species enabled us to learn more about the evolutionary process of snake gametologous genes associated with sex chromosome evolution.
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